The intestinal microbiota of animals play an important role in their energy metabolism and resistance to pathogens, and thus in maintenance of animals in their environment. We surveyed the intestinal microbiota of three species of Planorbidae (Gastropoda: Pulmonata). Cultivation-independent molecular methods were used to investigate the community composition of intestinal bacteria from individual snails: three Biomphalaria pfeifferi (Africa), two Bulinus africanus (Africa) and three Helisoma duryi (North America). PCR amplification and sequencing of 612 bacterial 16S rRNA genes yielded 282 unique DNA sequences (97% sequence similarity) among the eight individual snails sampled. The observed bacterial diversity was distributed over 18 phyla, with the greatest number of 16S rRNA gene sequences derived from the Gammaproteobacteria, Bacteroidetes and Acidobacteria. These results document the presence of highly diverse gut bacterial communities in three snail species and indicate the need for additional study to determine the roles that gut microbes play in the physiology and immunology of planorbid snails.
INTRODUCTION
A complete understanding of any eukaryotic organism requires knowledge of its associated microbes, or its microbiome (Turnbaugh et al., 2007) . Microbial cells are estimated to outnumber the cells of their host by a factor of 10 in vertebrates (Savage, 1977; Turnbaugh et al., 2007) and have been linked to their hosts as discrete units of selection in recent theories of evolution (Zilber-Rosenberg & Rosenberg, 2008) . Microbiota have important implications for how the host's immune system is structured to accommodate them (Hedrick, 2004; McFall-Ngai, 2007) and for how it responds to pathogens (Dong, Manfredini & Dimopoulos, 2009) . The intestine has long been recognized as one of the most important sites of microbe/host interactions. Host diet, anatomical structure of the gut and the physical and chemical conditions of the intestine select microbes to form an indigenous gut microbial community in individual metazoan eukaryotes (Savage, 1977; Harris, 1993) . Indigenous microbial communities interact with their host to assist in obtaining nutrients and detoxifying secondary compounds from food sources (Bhat, Singh & Sharma, 1998; Dillon & Dillon, 2004) and to protect the host from invasion by pathogenic exogenous microbes (Rolfe, 1997; Dillon & Dillon, 2004; Dong et al., 2009 ).
The structure and functions of intestinal microbial communities have been elucidated for several mammals and insects (primarily humans, ruminants and termites), but little is known about the gut flora of molluscs. Specific knowledge of intestinal microbiota in gastropods is very limited, with existing information being mostly from Helicidae. The studies describing morphological and abiotic conditions in the intestine of helicid snails are suggestive of a specialized intestinal bacterial community that aids in the digestion of the recalcitrant cellulose-rich food sources of these phytophagous and saprophagous terrestrial gastropods (Charrier, Combet-Blanc & Ollivier, 1998; Charrier & Brune, 2003; Charrier et al., 2006) .
Gut microbiota from the pulmonate gastropod family Planorbidae have received little attention. This group of snails is of particular interest because it includes the genera Biomphalaria and Bulinus that serve as intermediate hosts of digenetic trematodes of the genus Schistosoma (Morgan et al., 2002) . According to the World Health Organization, these parasites infect 210 million people worldwide (Gryseels et al., 2006; Bruun & Aagaard-Hansen, 2008) . These and other planorbid snails also support the larval development of many other digeneans that are pathogenic as adults in vertebrates. Planorbid snails, which live primarily in freshwater environments and feed on algae, decaying macrophytes and detritus, may have significantly different gut flora than the terrestrial helicid snails discussed above due to the phylogenetic distance between these organisms, differences in the environments they inhabit, and the composition and lability of their food sources. The few studies that have investigated bacterial communities of planorbid snails employed whole body tissue samples of Biomphalaria glabrata and cultivation-dependent methods to characterize the microbiota (Ducklow et al., 1979; Ducklow, Clausen & Mitchell, 1981) , but did not focus specifically on the intestinal microbiota. Insight into the complexity of the intestinal flora is important. The interaction between intestinal microbiota and host contributes to the ability of the snail to feed and persist in its environment and may be relevant to understanding the basic properties of planorbid immune systems which must accommodate such flora (McFall-Ngai, 2007) . In turn this may influence the response of planorbids to metazoan pathogens such as schistosomes and related parasites, and whether this response is fully independent of the accommodations made to the gut flora. As a first step towards investigation of their intestinal microbiota, we characterized the diversity of bacterial 16S rRNA gene sequences within the intestines of three species across the phylogenetic range of Planorbidae: Bulinus africanus (a basal planorbid), Biomphalaria pfeifferi and Helisoma duryi. The latter two are considered sister genera and represent the most derived Planorbidae (Fig. 1) . Additionally, snails from the genera Bulinus and Biomphalaria contribute to transmission of human schistosomiasis. Winnepenninckx, Backeljau & Dewachter, 1993) . A part of the 28S rRNA gene was PCR-amplified from 20 -50 ng snail DNA using forward 5 0 -GTAACGGCGAGTGAAG-3 0 and reverse 5 0 -GTACAATCTGAGGAACCAG-3 0 primers. Each 25-ml PCR reaction contained 2.5 U AmpliTaq Gold (Applied Biosystems) and (final concentrations) 4 mM MgCl 2 , 400 mM of each dNTP and 0.5 mM of each primer. The thermal cycling profile was 10 min 958C; 30 cycles of 1 min 958C, 30 s 528C, 1 min 728C; 7 min 728C (T-gradient, Biometra). The PCR amplicons were sequenced directly (BigDye v.3.1, Applied Biosystems) on an ABI 3100 Capillary DNA Sequencer (Applied Biosystems). The snail 28S rRNA gene sequences were deposited in the GenBank nucleotide sequence database (http://www.ncbi.nlm.nih.gov) under accession numbers: EF152570 (Bu. africanus), EF152571 (Bi. pfeifferi) and FJ423081 (H. duryi). The sequences were compared to GenBank using BLASTN (McGinnis & Madden, 2004) .
MATERIAL AND METHODS

Collection and identification of snails
Bacterial DNA extraction, 16S rRNA gene amplification and sequencing
Snails were starved for 24 h prior to dissection in order to empty their guts of any partially digested food and transient microbiota seeded from the environment and to focus our study on autochthonous bacteria. Considering that another planorbid species, Bi. glabrata, takes c. 3 h (Florschutz & Becker, 1999) to pass food through its intestine, we assumed that even if the other species studied here had transit times that were two times longer, all snails were starved for at least four food-transit times. Charrier et al. (1998) demonstrated that 1.5 transit periods are sufficient to clear the cultivable bacteria of the nonresident gut flora of helicid snails.
Snail shells were wiped with 70% ethanol and then removed from the animals. Dissections were performed in sterile Petri dishes. The portion of the digestive tract distal from the stomach to the anus was collected using sterile instruments and aseptic technique. The intestine was dissected and processed from three Bi. pfeifferi and H. duryi specimens (samples Bio1-Bio3 and Hel1 -Hel3, respectively), and two Bu. africanus specimens (samples Bul1 and Bul2; the third Bul library provided insufficient sequences for this analysis).
Individual snail intestines were homogenized in a microcentrifuge tube using a sterile pestle (Kontes) and DNA was extracted using the CTAB extraction technique described above. Bacterial 16S rRNA gene sequences were amplified by PCR using the bacteria-specific forward 8F 5 0 -AGAGTTT GATCCTGGCTCAG-3 0 and reverse 1492R 5 0 -GTTTACCTT GTTACGACTT-3 0 primers (Takacs-Vesbach et al., 2008) in 50-ml reactions each containing 5 ml 10Â buffer (Promega Buffer B w/ 1.5 mM MgCl 2 ), a 12.5 mM concentration of each dNTP (BioLine USA), 20 pmol of each primer, 2.5 U Taq polymerase (Promega) and c. 50 ng of DNA. The PCR thermal cycling profile was 10 min 948C; 30 cycles of 30 s 948C, 30 s 508C, 90 s 728C; with a final 7 min extension at 728C (ABI GeneAmp 2700, Applied Biosystems).
The 16S rRNA gene PCR amplicons were spin-purified (DNA Purification Kit, MoBio Laboratories). Individual 16S rRNA gene fragments were separated by random cloning Figure 1 . Simplified phylogeny of the family Planorbidae, based on 28S rRNA genes and exon 2 of a cytoplasmic actin gene (Morgan et al., 2002) . Biomphalaria and Helisoma represent sister genera in the subfamily Planorbinae as part of the H-clade (*), a tribe-level group for which no previous formal name exists. Bulinus africanus is a member of the basal subfamily Bulininae. (**) Note that several species of ancylid snails, previously considered as members of the related basommatophoran family Ancylidae, cluster within the Planorbidae. The relative phylogenetic position of these Ancylidae remains equivocal (also see Jørgensen, Kristensen & Stothard, 2004; Albrecht, Kuhn & Streit, 2007) . A physid snail was used as outgroup.
(TOPO TA Cloning Kit, Invitrogen) to identify unique sequences or phylotypes. The 5 0 end of the cloned 16S rRNA fragments (96 clones per snail sample) was sequenced using the 8F primer described above (BigDye v.3.1, Applied Biosystems) on an ABI 3100 Capillary DNA Sequencer (Applied Biosystems). Additionally, a representative clone from each major phylogenetic clade was fully sequenced (at least 2Â coverage of c. 1,400 bases on both strands of the gene fragment). Sequences were assembled using Phrap in CodonCode Aligner and checked for errors.
Sequence analysis and taxonomic classification
Bacterial 16S rRNA gene sequences were checked for PCR chimaeras using Mallard (Ashelford et al., 2006) and Pintail (Ashelford et al., 2005) . Four DNA sequence chimaeras were identified by both programmes; these were not included in further analyses. High-quality DNA sequences (average Phred quality score .40, or 99.99% sequence accuracy) .500 bp were analysed with web utilities available through Greengenes (http://greengenes.lbl.gov), a database and bioinformatics work bench for rRNA genes: sequences were aligned with the NAST alignment tool (DeSantis et al., 2006) and the taxonomic affiliation of the 16S rRNA sequences was investigated with the Classify Tool (using the Greengenes classification). In addition, all sequences were compared to those in GenBank using BLASTN (McGinnis & Madden, 2004) . The final set of analysed bacterial 16S rRNA gene sequences was deposited in GenBank under accession numbers FJ228740-FJ229355.
A distance matrix of the aligned 16S rRNA gene sequences was generated in ARB (Ludwig et al., 2004) and analysed in mothur (Schloss et al., 2009) to assign DNA sequences to unique phylotypes (16S rRNA gene sequences with 97% DNA sequence similarity), calculate Good's coverage to estimate survey completeness (Good, 1953; Kemp & Aller, 2004 ) and the Chao1 estimate of richness, display the taxonomic affiliation and abundance of the phylotypes in each sample and generate rarefaction curves of the bacterial 16S rRNA gene sequence diversity detected in the snails.
RESULTS
Snail identification
BLAST analysis of the 28S rRNA gene sequences that were PCR-amplified from the African snails supported the field identifications as Bulinus africanus (100% nucleotide identity with another GenBank entry for this species, AF435658) and Biomphalaria pfeifferi (!98% identity with African Biomphalaria species). The 28S rRNA gene sequence from the North American snails was 100% identical to that of a Helisoma duryi specimen from Brazil (GenBank AF435684).
Classification and distribution of bacterial 16S rRNA gene sequences
A total of 612 16S rRNA gene sequences (150-250 sequences per snail species) were obtained with an average length of 775 bp after editing and quality screening. A total of 282 unique phylotypes were recovered from the entire dataset. Individually, Bi. pfeifferi had the lowest number of unique phylotypes and H. duryi had the greatest phylotype richness. The number of total phylotypes recovered from each species was 59 from Bi. pfeifferi, 94 from Bu. africanus and 148 from H. duryi. Chao1 richness estimates for each snail species were 126 for Bi. pfeifferi, 203 phylotypes for Bu. africanus and 554 for H. duryi (Table 1 ).
Good's coverage and rarefaction analysis of the data evaluated the fraction of total bacterial richness recovered in this study. Good's coverage estimates indicated that c. 30% (20-39%) of the bacterial 16S rRNA genes (using the 97% nucleotide sequence identity criterion) associated with the snail intestines was detected in this study (Table 1) . The rarefaction curves visually demonstrate the bacterial richness that we have described here. At the 97% nucleotide sequence identity level, all but three of the eight plotted curves increase ( Fig. 2A) . When 16S rRNA gene sequences were separated by 90% nucleotide sequence identity (Fig. 2B) , the rarefaction curves were less steep than in Figure 2A , indicating that richness was better described at the class/family level (Schloss & Handelsman, 2004) .
The bacterial 16S rRNA gene sequences from the snail intestines were broadly distributed among 12 bacterial phyla and 6 bacterial candidate divisions (Fig. 3) . One to three highly abundant phylotypes accounted for 50% or more of the sequences retrieved from each snail. The remainder of 16S rRNA gene sequences were largely singleton or rare phylotypes. The dominant phylotypes were classified among the Gammaproteobacteria in all three Bi. pfeifferi samples, Bacteroidetes in Bul1 and Actinobacteria in Bul2, and Acidobacteria in Hel1, Gammaproteobacteria in Hel2, and Betaproteobacteria and Gammaproteobacteria in Hel3. Six bacterial taxa (Chloroacidobacteria, Chryseobacterium, Comamonadaceae, Bacilli, Aeromonas and Verrucomicrobiae) were present in at least one individual of every snail species, though the same exact 16S rRNA gene sequences were not found among all the individual snails.
DISCUSSION
This is the first study to investigate the intestinal microbial community composition in snails of the family Planorbidae. Our study is of considerable scale and effort, but only partially surveyed the species level 16S rRNA gene diversity of the snails investigated here, as evidenced by the incomplete coverage estimates (c. 30% coverage) and unsaturated rarefaction curves. However, the 282 unique bacterial 16S rRNA gene sequences (using the 97% nucleotide sequence identity criterion) detected by this study clearly indicate that these planorbid snails hosted a diverse intestinal bacterial community. Based on the Chao1 richness estimates, the intestines of these snails may contain as many as 126-554 bacterial phylotypes Abbreviations: Bio, Biomphalaria pfeifferi; Bul, Bulinus africanus; Hel, Helisoma duryi.
( Table 1 ). This level of 16S rRNA gene diversity is similar to some of the highest estimates of diversity within microbiota from invertebrate intestines reported for termites (Hongoh et al., 2006) and comparable to a recent comparison of the bacterial communities associated with human faeces and rectal mucosa (Durba´n et al., 2010) . Previous studies have shown that diet is related to the diversity of host intestinal microbial communities (Yamada et al., 2007; Ley et al., 2008a, b) . In general, organisms that ingest recalcitrant or complex food sources rely on complex intestinal microbial communities to extract nutrients from these materials (Harris, 1993) . For example, analysis of mammalian intestinal microbiota indicates that herbivores, which ingest complex carbohydrates from plants, harbour a greater diversity of microorganisms in their intestines than omnivores and carnivores (Ley et al., 2008a, b) . Similarly, among invertebrates, individual termites that feed on soil (Schmitt-Wagner et al., 2003) and wood (Yang et al., 2005) harbour 100-200 microbe phylotypes, which has been attributed to the wide variety of niches and microbial communities necessary to break down the complex food sources of these animals. Feeding studies have shown that planorbid snails like Helisoma trivolvis (Smith, 1989) , H. duryi (Madsen, 1992) , Biomphalaria peregrina (Estebenet, Cazzaniga & Pizani, 2002) , Bi. glabrata (Ceden˜o-Leo´n & Thomas, 1982; Thomas, 1982; Thomas, Nwanko & Sterry, 1985) , Bi. pfeifferi (Madsen, 1992) , Bulinus africanus, Bu. truncatus and Bu. forskalii (Madsen, 1992) feed primarily on detritus, followed by decaying macrophytes, diatoms and filamentous algae. Thus planorbid snails, like many herbivores, rely on recalcitrant food sources that require a highly diverse gut microbial community for digestion, which is consistent with the discovery of complex microbial communities associated with the snail intestines investigated in this study.
The diverse bacterial 16S rRNA gene sequences detected in the snail intestines were classified among 18 different phyla, but predominantly derived from Proteobacteria, Bacteroidetes and Acidobacteria. Such a composition is more common to intestinal microbiota of invertebrates than those of vertebrates (Ley et al., 2008a, b) . A synthesis of 464 studies (Ley et al., 2008b) indicated that the intestinal microbiota of vertebrates differ from invertebrate-associated intestinal microbiota; the composition of the latter is similar to free-living microbial communities, such as from soils and aquatic environments. Exceptional to this distinct pattern of separation among vertebrates and invertebrates were the intestinal communities of termites and beetle larvae with differentiated guts, which clustered among the microbiota of vertebrates with specialized anaerobic hindguts. Our analysis indicates that the bacterial phylotypes from snail intestinal microbiota have nearest genetic neighbours that occur most often in varied terrestrial soil and aquatic environments. Thus, although planorbid snails rely on complex food sources and likely benefit from a diverse intestinal microbiota for digestion, in our current assessment it appears that this microbial community is dominated by facultative symbionts. Only 7% of the phylotypes recorded here were related to bacteria isolated from the intestines of other organisms. The detection of only a small proportion of microbes that are gut specialists in the snail intestinal microbiota may be due to the relatively small number of studies that have used cultivation-independent methods to survey the gut flora of freshwater aquatic organisms. Given the modest number of individual snails analysed here and the observation that individuals of the same species may not be good replicates (Eckburg et al., 2005) , further investigation into the structure of snail intestinal communities is recommended.
The high bacterial diversity found in this study of planorbid snails was unexpected because invertebrates, especially those without specialized gut morphologies, are assumed to have limited associations with microbial communities (McFall-Ngai, 2007) . It has been hypothesized that a simple microbiota is a reflection of the lack of an adaptive immune system, which may have evolved to recognize and manage complex microbial communities, such as those found in vertebrates. However, it has been proposed that invertebrates that are capable of generating highly diversified recognition factors may have coevolved with a more complex microbial consortium and at least one of the genera in this study, Biomphalaria, has been shown to apply somatic diversification to generate highly diverse repertoires of soluble lectins with immune function Hanington et al., 2010) . Given the mounting evidence that intestinal microbiota have a role in both vertebrate and invertebrate host immunity (Hernandez-Martinez et al., 2010) and that members of the Planorbidae are important intermediate hosts for the transmission of human and veterinary pathogens, it will be important to determine what role intestinal microbiota play in snail immunobiology. The observations reported here regarding the surprisingly complex intestinal microbiota in three species of planorbid snails highlight the need for further study to determine if this diversity represents a consistent indigenous community and to establish the roles these intestinal bacterial communities play in host health and immunity. 
